Surface properties of Hall-effect thruster channel walls play an important role in the performance and lifetime of the device. Physical models of near-wall effects are beginning to be incorporated into thruster simulations, and these models must account for evolution of channel surface properties due to thruster operation. Results from this study show differences in boron nitride channel surface properties from beginning-of-life and after 100's of hours of operation. Two worn thruster channels of different boron nitride grades are compared with their corresponding pristine and shadow-shielded samples. Pristine HP grade boron nitride surface roughness is 9000±700 Å, while the worn sample is 110,900±8900 Å at the exit plane. Pristine M26 grade boron nitride surface roughness is 18400±1400 Å, while the worn sample is 52300±4200 Å at the exit plane. Comparison of pristine and worn channel surfaces also show surface properties are dependent on axial position within the channel. For example, surface roughness increases by as much as a factor of 5.4 and surface atom fraction of carbon and metallic atoms decreases by a factor of 2.9 from anode to exit plane. Macroscopic striations at the exit plane angled 10º to 30 º from axial are found to be related to the electron gyroradius and give rise to anisotropic surface roughness. Smoothing of ceramic grains at the microscopic level is also evident.
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Nomenclature

�⃗
= magnetic field vector, T �⃗ = electric field vector, V/m ⃗ = Force vector on a charged particle, N n = total number of height measurements taken q = elementary charge, C R a = roughness, Å r e = electron gyroradius, cm T e = electron temperature, eV ⃗ = velocity of a charged particle, m/s y i = height of surface irregularity at location i, Å
I. Introduction
ALL-EFFECT thrusters (HETs) are an electric spacecraft propulsion system in which thrust generation is due to acceleration of ionized propellant called plasma. Typically, an HET has an annular geometry in which an axial electric field is crossed with a radial magnetic field. A cathode emits electrons that drift in the �⃑ × �⃑ direction, forming an azimuthal Hall current. Neutral propellant atoms, typically xenon, are injected through the anode into an annular insulating channel. Collisions between neutral xenon atoms and electrons drifting in the Hall current produce xenon ions that are accelerated by the electric field, resulting in thrust generation.
Modeling of HET plasma physics has been the subject of ongoing research. [1] [2] [3] [4] Accurate models of HET thrusters can improve understanding of HET performance and lifetime, and aid development of more advanced, higher Wall-effects play an important role in both the lifetime and overall performance of the thruster. Properties of the channel wall can affect secondary electron emission (SEE), anomalous electron transport, and near-wall conductivity, thereby altering HET performance. [7] [8] [9] [10] Further, wall properties are an important factor in the sputter erosion processes that are known to limit thruster lifetime. [11] [12] [13] [14] Current HET models do not integrate a realistic wall microstructure, but instead rely on sputter yield or SEE coefficients derived from idealized material tests. 2, 6, 15 Our results presented below show that the surface properties inside the HET can be very different from those of a pristine test sample. Better understanding of the properties of the HET channel surface is required to produce accurate models of the near-wall physics within the HET channel.
Properties of the HET channel wall affect SEE, anomalous electron transport, and near-wall conductivity, thereby altering HET performance. 7, 8 The roughness of HET channel walls has been shown to affect the equipotential contours of the plasma sheath near the channel wall reducing overall thruster performance. 16 Raitses, et al., shows that wall materials having higher SEE reduce the electron temperature within the HET discharge channel, thereby reducing thruster performance. 10, 17 Other studies have also shown increased efficiency in thrusters with channels having lower SEE. 18, 19 Surface roughness is known to play a role in SEE, 9 although, at present, no studies have been conducted to quantify the extent to which surface roughness modifies SEE. Determining the influence of material surface properties on SEE in HETs is difficult due to the complexity of electron-wall interaction, which must include factors such as roughness, composition, non-Maxwellian electron distribution, and multiple electron scattering processes all of which influence SEE yield, and as such have some level of influence on HET performance. 3 Properties of the HET channel wall affect erosion and subsequently the lifetime of the thruster. The erosion of the channel surface, particularly in the acceleration region near the thruster exit plane, is attributed to sputtering of the channel wall material as a result of ion impact. 20 The sputter yield (atoms removed per incident ion) of the ceramic surface of a typical HET channel wall has been found to be dependent upon the roughness of the ceramic surface. 21, 22 Further, operation of an HET with different channel material is known to produce different erosion rates. For instance, Peterson, et.al. , operated a 3 kW HET at the same operating condition for 200 hours with different grades of ceramic boron nitride (BN) channel material and showed that the total amount of erosion is dependent on the BN grade. 23 The goal of this study is to quantify the differences in surface properties of HET channel materials that have and have not been exposed to HET operation. This includes surface roughness, microstructure, and chemical composition. For the first time, clear quantifiable differences between HET channel surface properties at beginningof-life and after 100's of hours of operation are presented. This study provides data on the actual surface roughness and wall microstructure inside a used/worn HET, results that may be integrated into wall models to better refine assumptions and simulation results.
II. Material Samples
Two main types of BN materials are investigated in this study: pristine and worn samples. Pristine BN samples are provided directly from the manufacturer and are machined using common HET fabrication techniques. Worn BN samples are obtained from research-grade HETs that have been operated for many hours. Further, there are two types of worn BN samples: those exposed to the plasma discharge and those physically shielded or covered ("shadow shielded"). For instance, a sample cut from a HET channel has an internal side that faced the plasma and an external side that was shielded. Each sample analyzed and referenced in this paper is indexed in Table 1 , with sample number, BN grade, type (listed as either pristine, exposed, or shielded), and any other relevant information. Throughout this paper all samples are referred to by sample number.
Pristine samples of BN grade A, HP, M, and M26 are investigated. Grade A is composed primarily of BN with a boric acid binder. 24 Grade HP is composed primarily of BN with a 4.5% calcium borate binder. 25 Grade M is composed of 40% BN and 60% by weight amorphous silicon dioxide. 26 Grade M26 is composed of 60% BN and 40% by weight amorphous silicon dioxide. 26 The manufacturers specified chemical composition for grade M26 is listed in Table 4 , the manufacturers specified chemical composition for grades A and HP are not publicly available. The test surface of each pristine sample is faced off with a carbide mill tool.
Two worn HET channels are investigated. The channels are from different research-grade HETs. These HETs have each been operated at multiple voltage and power levels. However, we are still able to categorize the power level and voltage range of each thruster. The first worn channel is grade M26 BN and was used in a high-power (>1 kW) HET for approximately 2000 hours over voltages ranging from 200-600 V. Analyses on both the inner and outer wall of this channel are performed at multiple axial locations. The second worn channel is grade HP BN and was used in a low-power (< 1 kW) HET for approximately 600 hours over voltages ranging from 200-600 V. Only the outer wall of this channel is analyzed at multiple axial locations. Both channels show visible signs of erosion (chamfering, grooves, striations), but neither is considered to be at end-of-life because sufficient erosion has not yet occurred to expose the magnetic pole pieces of the HET. Both channels have regions that were covered ("shadow shielded") and therefore not exposed to plasma. These covered regions received the same fabrication and machining processes as those exposed to the plasma.
III. Material Sample Characterization Methods
Each material sample is characterized using surface profilometry, scanning electron microscopy (SEM), and energy dispersive x-ray spectroscopy (EDS). Profilometry quantifies the surface roughness of the sample, while SEM provides a qualitative comparison of the microscopic topography of the samples. Energy dispersive x-ray spectroscopy (EDS) is used to quantify the atomic constituents on the surface of each sample.
A. Surface Profilometry
Surface profilometry determines surface roughness by measuring the height of finely spaced irregularities. Roughness should not be confused with surface waviness, which is defined as surface irregularities having greater spacing than that of surface roughness. For surfaces which have been machined, roughness is generally a result of the machining operations, whereas waviness is generally a result of workpiece vibration, warping, or deflection during the machining process. 27 Quantitatively, surface roughness is measured as the height of surface irregularities with respect to an average line. Roughness is expressed in units of length; in the case of this study, roughness is expressed in angstroms. In this investigation, roughness, termed R a , is determined using the arithmetical average, as defined in Eqn. 1:
For this investigation, surface profilometry is performed using a Sloan Dektak IIA surface measuring system. The Dektak IIA is capable of measuring surface features having heights ranging from less than 100 Å to 655,000 Å(28). Calibration and verification of accurate roughness measurements are conducted both before and after the roughness studies performed using this instrument. In all cases the profilometer is found to be accurate within the specified ±5% for all standards measured, which covered the specified measurement range from 100 Å to 655,000 Å (28) . Scanning electron microscope images of the tracks made by the scanning stylus of the profilometer demonstrate that the profilometer stylus tip has a characteristic width of 10-15 μm. The geometry of the stylus tip is assumed to be approximately hemispherical. The characteristic width of the stylus tip constrains the size of the surface features which can be measured in the direction of travel of the stylus tip. Therefore the profilometer can make vertical measurements of surface having characteristic heights in the range of 100's of Å, while the measurements of the horizontal lengths of these features are limited to the 10's of μm. This model profilometer is a single line profilometer, meaning the roughness can only be measured along a single line on the sample surface. To better ensure that the roughness measurements reflect the roughness of an entire sample surface, multiple scans are taken at multiple locations. 
B. Scanning Electron Microscopy
A scanning electron microscope (SEM) uses electrons to produce images of surface features as low as 10 nm in size. An SEM operates by using an electron column consisting of an electron gun and two or more electrostatic lenses in a vacuum. The electron gun provides a beam of electrons having energies in the range of 1-40 keV, and the beam is reduced in diameter by electrostatic lenses to generate sharper images at high magnification. The electron beam interacts with the sample and penetrates roughly a micrometer into the surface, where electrons from the beam are backscattered and secondary electrons are emitted. Detectors collect the backscattered and secondary electrons, and these electron signals are used to generate the magnified image of the specimen. 29 Secondary electrons emitted by the sample material are necessary to image the sample. Non-conducting insulators generally have poor secondary electron emission characteristics, in which case a conductive coating is often applied to provide high resolution, high magnification images. The ceramic specimens considered in this study are insulators, and a conductive coating is applied to provide the best imaging possible. In this study, a thin layer of 60:40 gold-palladium alloy is applied to the samples. The samples are placed into a vacuum chamber where the gold-palladium is sputtered onto the sample surface in a thin coat approximately 10 nm thick. The gold-palladium alloy provides high secondary electron emission, while still providing a thin, continuous film with minimal agglomeration regions. This thin coating provides the necessary secondary electrons for high resolution images, without obscuring the images of the underlying microstructure.
A Hitachi S-4700 scanning electron microscope is used to image the surface of each sample. It is capable of producing images with magnification greater than 500,000 times, and can resolve structures up to 2 nm across. For this investigation, micrographs were taken of each sample at magnifications of 30, 100, 400, 1,000, 5,000, and 10,000 times.
C. Energy Dispersive X-Ray Spectroscopy
The SEM used in this investigation has energy dispersive x-ray spectroscopy (EDS) capability. EDS is a variant of x-ray fluorescence spectroscopy, and is used for chemical characterization and elemental analysis. EDS is performed by a SEM which has been installed with the necessary detection equipment. The electron column creates an electron beam focused on the sample surface. This focused electron beam results in the generation of an x-ray signal from the sample surface. The x-ray photons generated from the interaction of the focused electron beam and the sample surface pass through a beryllium window separating the specimen vacuum chamber and the Lithiumdrifted Silicon detector. Within the detector, the photons pass into a cooled, reverse-bias p-i-n (p-type, intrinsic, ntype) Si(Li) crystal. The Si(Li) crystal absorbs each x-ray photon, and in response ejects a photoelectron. The photoelectron gives up most of its energy to produce electron-hole pairs, which are swept away by the bias applied to the crystal, to form a charge pulse. The charge pulse is then converted into a voltage pulse, which is then amplified and shaped by a series of amplifiers, converters, and an analog-to-digital converter where the final digital signal is fed into a computer X-ray analyzer (CXA). 29 A histogram of the emission spectrum from the sample is obtained and analyzed by the CXA to determine the percent by weight of elements present in the sample. For this study, EDS analysis was conducted using an EDAX energy dispersive x-ray unit attached to the Hitachi S4700 SEM. Data provided by EDS is the chemical composition of the sample regions by both percent of atoms and percent by weight.
IV. Results
Sample material characterization results using the three techniques described above are presented in this section. Specifically, surface roughness data obtained with profilometry measurements, surface micrographs using SEM, and sample chemical composition analysis from EDS are presented.
A. Surface Roughness
Roughness measurements of the pristine samples are conducted. Each sample is characterized by taking multiple scans with the profilometer. Three scans, 5 mm long, spaced 2 mm apart are acquired. The sample is then rotated 90° and three additional 5 mm scans spaced 2 mm apart are acquired. These measurements are performed on each sample and the results averaged. Table 2 shows the average roughness for each BN grade. Grade HP is the smoothest at 9000 Å, while grade A has the highest roughness at 19500 Å. Grades M and M26, which are also chemically the most similar of the four grades, have similar surface roughness, differing only by 2%. Surface roughness measurements for the worn and shielded C samples are presented in Figure 1 and 2. Roughness of the C samples is measured using axial and azimuthal scans corresponding with the geometry of the thruster. For all worn and shielded C samples, 3 mm scans are acquired in both the azimuthal and axial direction. Results are presented as a function of distance from the exitplane of the HET. At each axial location, 3 axial scans and 3 azimuthal scans are conducted and the averaged results are presented. Error bars associated with these measurements are ±8%. This is based on the profilometer manufacturer quoted accuracy of ±5%, verified by testing with calibrated standards, plus the 95% confidence interval based on the repeated measurements (±3%). Figure 1 shows roughness for the C2 and C3 samples. As Figure 1 shows, axial roughness on the outer channel wall (sample C2) ranges from 3.0 to 5.2 µm and, with the exception of a peak at 35 mm, remains relatively constant at about 3.8 μm and then increases to 5.2 μm near the exit plane. Azimuthal roughness of sample C2 is typically 1.5 to 2 times lower than axial roughness, except for a significant increase to 5.7 μm at the exit plane where azimuthal and axial roughness are comparable. Between 10 and 45 mm, azimuthal roughness is relatively constant, varying between 1.5 and 2.7 µm. Axial scans of the inner channel wall (sample C3) reveal axial roughness values that are 1.5 to 2 times lower than those obtained on the outer channel wall (sample C2). Axial roughness of the inner channel wall is similar in magnitude (within 5%) to the azimuthal roughness of the outer channel wall. Results for axial roughness of the inner channel wall are only presented at axial locations greater than 15 mm because the channel has a machined chamfer close to the exitplane making 3 mm scans unreliable due to curvature of the sample. In other words, the curvature of the sample causes the surface height to extend outside the range of the profilometer. While shorter scans are possible, to be consistent with the other C sample measurements only 3 mm scans are presented. For this same reason azimuthal roughness for sample C3 (inner channel wall) is not reported. Figure 1 shows roughness for the C4 and C5 samples. While 3 mm scans are still used for these samples, measurements are only acquired within the shielded region of the sample, which does not extend the full axial length of the sample. In other words, analysis of roughness variation with axial position for the shielded sample is not possible. Sample C4 (shadow shielded portion of outer channel wall) measurements show that the axial scan direction has roughness that is about 2 times larger than the azimuthal direction. This trend agrees well with that for sample C2, however, comparison of sample C2 and C4 axial and azimuthal roughness shows that C4 is generally smoother in both directions. Specifically, the shielded sample is 10% and 20% smoother in the axial and azimuthal directions, respectively. Comparison of sample C4 roughness with the pristine sample (C1) in Table 2 shows that the azimuthal direction of C4 closely matches the pristine value. However, the axial direction of C4 is 2 times rougher than the pristine sample. Sample C5 (shielded portion of inner channel wall) measurements show that the axial scan direction has roughness nearly identical to the C4 azimuthal scan. Further, C5 is about 30% smoother than its exposed counterpart, sample C3. Azimuthal 3 mm scans of C5 are not possible for the aforementioned channel curvature reasons. Figure 2 shows composite roughness curves for C1, C2, and C4 samples. The composite roughness is the average of all roughness measurements in both the axial and azimuthal directions. Since only axial roughness is measured for samples C3 and C5, an average of azimuthal and axial roughness cannot be calculated. The shielded sample (C4) has roughness that is approximately 50% larger than the pristine sample investigated (C1). The roughest measured location on sample C2 is at 5 mm from the exitplane. From axial locations of 15 to 45 mm the roughness is relatively constant at approximately 3.1 µm and is on average only 10% greater than sample C4. However, at axial locations less than 15 mm, roughness increases to a maximum of 5.2 µm at 5 mm from the exitplane, an increase of 73%.
Sample D roughness measurements are shown in Table 3 . Due to the smaller size and shorter channel of this HET (lower power generally equates to smaller size), profilometer scan lengths of only 1 mm are used at two main locations, near the anode and near the exitplane. With a shorter scan length both axial and azimuthal scans are completed. Error associated with these measurements is ±8% as described previously. Results show that the pristine sample (D1) has a roughness of about 0.9 µm, but the shielded sample (D3) has roughness of about 0.5 µm, almost half of the pristine sample. Both axial and azimuthal scans of D3 indicate approximately the same value of roughness, differing by only 5%, within the error of the measurements. The exposed sample (D2) has roughness significantly larger than D1 and D3. Further, the roughness of D2 is different in the axial and azimuthal directions, and at locations near the anode or near the exitplane. Near the anode the roughness is greatest in the azimuthal direction with a roughness values of 2.0 µm, while the axial direction has roughness of 1.3 µm. Near the exitplane the trend is reversed and the axial direction has greater roughness equal to approximately 13.2 µm with an azimuthal roughness of about 9.0 µm. Roughness near the exitplane is about 5.4 times greater than near the anode.
B. Scanning Electron Microscopy
Scanning electron microscopy (SEM) imaging of the samples is performed at magnifications of 30, 100, 400, 1000, 5000, and 10,000 ×. Samples C1, C2, C4, D1, D2, and D3 are imaged. For the C samples, images with magnification of 30, 1,000, and 10,000 × are presented in Figure 3 , while magnifications of 30, 100, 1000, and 10,000 × are shown for D samples in Figure 4 .
For sample C2, SEM images are taken at the exit plane, 5 mm, 25 mm, and 45 mm from the exit plane. Sample C1 is the pristine sample, while C4 is the shielded sample. For sample D2, SEM images are taken near the exit plane and near the anode. Sample D1 is the pristine sample, while D3 is the shielded sample. In Figure 3 and 4, in order to orient each photograph with respect to the thruster geometry, the arrow in each photograph points toward the exit plane of the HET channel. Qualitative description of SEM images of the C samples (Figure 3 ) is presented first, followed by D samples (Figure 4) . Figure 3 shows the surface features of the C samples. At low magnification (30x), the exit plane shows numerous deep scratches and grooves. Grooves in the azimuthal direction, as well as grooves angled at approximately 30° to the axial direction are visible (white circle in Figure 3 ). The angled grooves have a characteristic spacing of about 400 µm. Closer to the anode, at distances of 25 and 45 mm, scratches in the azimuthal direction are clearly visible. Visual comparison suggests that both the width and depth of grooves at the exitplane are larger than those at 25 or 45 mm. Further, the other locations do not show scratches or grooves in nonazimuthal directions. The scratched surface evident in the pristine image is due to the machining process applied to that sample. Similar markings are seen on the shielded, 25 mm, and 45 mm images and are also due to the HET channel machining process. Images at higher levels of magnification reinforce the trend that the exit plane has very different surface features than the 5, 25, and 45 mm locations, and the pristine and shielded samples. At 1000 times magnification the exit plane surface topography is highly irregular, and has much larger features (10's of μm across as opposed to μm across) than all other frames at this level of magnification. Evidence of the macroscopic, angled grooves shown at 30 times magnification are still discernable at 1000 times. In the 1000 times magnification image of the exit plane, the crest of a hill can be seen in the top left and the valley at the bottom right corner. These types of features do not appear at the 5, 25, or 45 mm locations, or within the pristine or shielded images. At 10,000 times magnification, individual grains of BN become visible. These are the jagged structures that are visible in the 5 mm, 25 mm, 45 mm, pristine, and shielded images. Evidence of BN grains is not as apparent in the image of the exit plane. Instead the exit plane image shows a surface with white peaks and dark valleys.
Images of D samples at magnifications of 30, 100, 1,000, and 10,000 times are presented in Figure 4 . At low magnification (30x, 100x) the image of the exit plane reveals grooves or striations. Similar to the C samples presented above, these structures are not purely in the axial direction, but are angled approximately 10º with respect to the axial direction and have a characteristic spacing of about 400 µm. The image near the anode shows large (> 1 mm) irregular surface features, while the shielded and pristine images reveal scratches due to the machining process. Unlike the C samples, there are no scratch marks or evidence of the machining process near the exit plane or anode. Both the exit plane and anode region of the D2 sample have more irregular visual surface features compared to the pristine and shielded samples.
Images at higher magnification also show differences between pristine and shielded samples, and the exit plane and near anode regions of the exposed sample. At 1,000 × magnification near the exit plane, the crest of a striation is shown on the left of the photograph. The surface morphology in this region of the thruster has changed to a more rounded morphology with an increased macroscopic roughness. Near the anode, at this level of magnification, the surface still appears irregular. Horizontal ridges due to the machining process are visible on the shielded sample, while a diagonal tool mark is visible on the pristine sample. These machining marks are not visible near the exit plane or anode of the exposed sample.
Images at 10,000 × magnification demonstrate a stark difference between the microstructure of exposed and shielded/pristine samples. Boron nitride grains, similar to those shown in Figure 3 , are evident in the pristine and shielded samples. The shielded sample has grains that are smaller than those in the pristine sample. The characteristic size of a shielded sample grain is approximately 1 µm, while the pristine sample grains are roughly 2 µm. In both cases the grains appear jagged, with rough edges. Comparison of the pristine and shielded samples with the anode and exit plane regions shows that the microscopic structures are more rounded for the exposed sample. The image of the near anode region shows rounded, ball-like grains that have characteristic size of 1 µm. The grain structures near the exit plane are smoothed knobby protrusions, a magnification of the structures evident in the 1000 × image. 
C. Energy Dispersive X-ray Spectroscopy
Energy dispersive x-ray spectroscopy (EDS) analysis is performed at point locations on samples C1, C2, C4, D1, D2, and D3. The analysis is performed on C2 at 5 mm, 25 mm, and 45 mm from the exit plane. For the D2 sample, the analysis is performed near the exit plane and near the anode. The percentage by weight of each element found on the surface of the sample is tabulated in Table 4 and 5 for C and D samples, respectively. Also listed in Table 4 is the manufacturer quoted chemical composition of grade M26 BN, 26 this information is proprietary and not presented for grade HP. EDS analysis of the pristine C sample shows good agreement with the 60% BN and 40% SiO 2 composition quoted by the manufacturer, differing by at most 9.5%. The shielded sample has 5% more nitrogen and 9% less silicon than the manufacturer quoted composition. Measurements at different locations along the exposed sample show that the fraction of boron and silicon are always less than the manufacturer quoted values, while the oxygen fraction is always larger. Further, the fraction of boron and nitrogen increase with proximity to the exit plane, while the fraction of silicon and oxygen decrease. Measurements also indicate the presence of carbon and metallic elements, and the fraction of these species increases with proximity to the anode. Specifically, at 5 mm from the exit plane the percentage by weight of carbon is 5.9% and this fraction increases to almost 18% at 45 mm from the exit plane. At 45 mm from the exit plane, metallic elements (Al, Na, Mg, Cu, Fe) make up 3.3% of the surface by weight.
Analysis of the D samples is shown in Table 5 and shows similar trends to those found with the C samples. The base elemental components between the shielded and pristine samples tend to show good agreement, and agreement with the manufacturer specification that the sample is composed mainly of BN. Results indicate that the HP grade is composed of about 87% BN, with the remainder consisting of mainly oxygen and carbon. Similar to the C samples, results indicate that the fraction of BN increases with proximity to the exit plane, while silicon and oxygen decrease. In addition, the fraction of carbon increases with proximity to the anode. Unlike the C samples, less metallic element deposition is present. The exception to this is sodium, which appears in decreasing concentrations with proximity to the exit plane of the thruster. An anomalous presence of low levels of fluorine is found in both the shielded and pristine specimens, this is potentially contamination during machining, or a product of the manufacture of original BN ceramic billets.
V. Discussion
Using the results presented above, the following sections discuss the effects of 100's of hours of operation on the surface properties of a Hall thruster channel. Four discussion sections based on the main results from the study are presented. Differences in axial and azimuthal roughness are explained. Then the angled striations at the exit plane of both C and D samples are discussed. Next, changes in the surface at the microscopic level are examined. Finally, discussion of the surface chemical composition is presented.
A. Anisotropic Roughness
Clear differences between axial and azimuthal roughness for the C and D samples are shown in Figure 1 and Table 3 , respectively. Both shielded (C4) and exposed (C2) C sample results indicate that axial roughness is 2 times larger than azimuthal roughness. However, only the exposed D sample (D2) shows differences in axial and azimuthal roughness, the shielded sample (D3) does not. Neither pristine sample (C1 or D1, Table 2 ) show any roughness dependence on direction. The following discussion shows that some of these results can be explained by the machining process to fabricate the Hall thruster channel at beginning-of-life, while other results must be attributed to the wear process due to operation of the thruster.
At beginning-of-life, the C sample Hall thruster had axial roughness greater than azimuthal roughness due to the machining process of the thruster. After 100's of hours of operation, evidence of this anisotropic roughness is still present upstream of the exit plane, but absent at 5 mm from the exit plane. The C sample Hall thruster was manufactured by turning the original BN ceramic block on a lathe. This process causes the surface of the material to be covered in small ridges oriented in the azimuthal direction. These features can be seen in the low magnification SEM photos of Figure 3 . Specifically, the photos at 25 and 45 mm, as well as the shielded specimen all show tool scratches due to the lathe process. During profilometry, if the scan is in the axial direction, the needle travels across these ridges yielding greater variance in the height of the specimen surface, and thus determining greater roughness than a scan in the azimuthal direction. Careful inspection of the orientation of the scratches shown in the SEM photos of Figure 3 confirms that an axial profilometer scan travels across the ridges of the tool marks. As Figure 1 shows, at axial positions greater than 5 mm, axial roughness is always about 2 times greater than azimuthal roughness. This is a remnant of the beginning-of-life machining process. Closer to the exit plane, at 5 mm, axial and (Figure 3) do not show the same tool marks as those farther upstream. Although roughness measurements are not available at the exit plane, SEM photos show deep azimuthal and angled grooves. Ion bombardment of the HET channel is known to cause greatest erosion at and near the exit plane, resulting in macroscopic (millimeter) changes to the channel profile. 20, 30 At the exit plane, erosion also appears to remove evidence of the anistropic roughness caused by the machining process.
Beginning-of-life machining cannot account for differences in axial and azimuthal roughness for the D sample Hall thruster. SEM photos of the shielded sample in Figure 4 reveal tool marks, but, as Table 3 shows, the shielded sample has only a 5% difference between axial and azimuthal scans. The exposed sample results show differences of 47% and 56% near the exit plane and anode, respectively. SEM photos in Figure 4 of the exit plane and anode regions show very different surface features from the shielded and pristine samples. Specifically, striations are present near the exit plane and an irregular surface is visible near the anode. These changes are due to the wear process of HET operation.
Pristine samples do not show a directional dependence on roughness. Due to the small dimensions of the pristine samples, they are not turned on a lathe to provide a sample surface similar to the sample surfaces on the thruster specimens. Instead, the test surface is faced off with a carbide mill tool to provide a smooth sample surface.
B. Exit Plane Angled Striations
SEM results show regularly-spaced, angled grooves (striations) near the exit plane of both worn thruster samples, as seen in Figs. 3 and 4 . The dominant wear mechanism near the exit plane in HETs is known to be ion bombardment sputtering erosion. 7, 11, 14, 23 This suggests that the angled grooves at the exit plane are due to impacting ions. The formation of striations is not unique to the Hall thruster channels investigated in this study. Several other examples of regularly-spaced wear patterns have been observed in laboratory HETs. 7, 14 These structures at the exit plane were initially observed in Soviet HET studies to be parallel to the ion flow and were proportional to the electron gyroradius. 7 Electron gyroradius can be calculated using Eqn. 2, where T e is in units of eV and B is in units of Gauss. 31 Typical ranges of internal HET parameters are given in Table 6 , 32,33 along with the calculated electron gyroradius. From Figs. 3 and 4 above, the characteristic spacing of striations found in this study is approximately 400 μm for both worn HETs. This result falls within the 300-870 μm range of electron gyroradius in HETs.
Striations at the exit planes of both thrusters exhibit a non-axial direction. Specifically, the C sample thruster shows grooved marks angled at approximately 30° to the axial direction, while the D sample thruster shows grooves angled at approximately 10°. Non-axial ion trajectories have been shown to be a result of magnetohydrodynamics (MHD) effects in a planar HET. 34 While ions are generally considered unmagnetized in HETs, the magnetic field may cause a deflection of the ion trajectory. However, a simple model using the Lorentz force shows MHD effects cannot cause the measured angles. The Lorentz force is given in Eqn. 3 and is iteratively solved to yield the trajectory of a singly-charged xenon ion accelerated through perpendicular electric and magnetic fields. The electric field is assumed to be a 300 V potential drop over 5 mm distance, while the magnetic field is 200 G and uniform throughout the acceleration region. With these assumed parameters, typical of an HET, an ion is only deflected ~0.4° by the time it exits the acceleration region. With a magnetic field of 2000 G (significantly larger than any HET), the ion has been deflected only 4°, still less than the measured angles. Curvature of ion trajectories by the HET magnetic field is not causing the angled striation profile.
Dependence of exit plane striation structures on the electron gyroradius clearly indicates that electrons play a significant role in the evolution of the wear and erosion of the channel wall, but currently no complete model has been able to explain this phenomenon. 7 However, recently, azimuthal electrostatic waves and electron stratification have been predicted via computational models, and observed experimentally. 35, 36 These results indicate that electrons do not drift uniformly in the Hall current, but instead bunch up, travelling in azimuthal waves around the 35 Electric fields resulting from electron stratification may preferentially focus plasma ions, resulting in the angled striations observed at the HET exit plane.
C. Microscopic Grain Changes
Evolution of the HET channel wall due to thruster operation occurs at both the macroscopic and microscopic level. Considering the SEM photographs (Figs. 3 and 4) , macroscopic changes are those visible at low magnification (30x, 100x, characteristic length of 1 mm to 100's of μm), while microscopic changes are at higher magnification (smaller characteristic length, μm to nm). At the macroscopic level, beginning-of-life machining marks are removed and replaced by angled striations near the exit plane, and, for the D sample thruster, an irregular surface near the anode. The presence of macroscopic angled striations results in anisotropic roughness and these features are discussed in detail in the previous two sections. Evolution of the material surface at the microscopic level also occurs.
Differences in microscopic topography are observed between pristine, shielded, and exposed samples. As Figs. 3 and 4 show, all pristine and shielded samples have a jagged and fractured microstructure; these are the BN grains or crystallites. Locations upstream of the exit plane of the exposed C sample also show this same type of microstructure. However, regions near the exit plane of both exposed samples show a microscopic structure that is more rounded in comparison to the pristine and shielded samples. These changes are particularly apparent in the D specimen (Fig 4, 10,000×) ; both the exit plane and anode region of this sample have very different visual surface features compared to the pristine and shielded samples. The anode region of sample D has grains that appear as rounded balls, while the exit plane regions of both C and D samples have rounded knobby protrusions. The rounding off of these structures may be due to the propellant ions eroding the microstructure of the wall resulting in a more rounded wall microstructure. One other possibility for the formation of the rounded near wall microstructure may be the result of thermal effects on the ceramic material, but additional studies will be required to test this hypothesis.
D. Chemical Composition Comparison
Energy dispersive x-ray spectroscopy results as a percentage by weight are shown in Table 4 and Table 5 . To compare with results published by other researchers, these results are converted to atomic fraction using the molecular weight of each species. These results are presented in Table 7 and Table 8 for C and D samples, respectively.
Results in Table 7 show the atomic fraction of BN is one-to-one, while silicon dioxide (SiO 2 ) is one-to-two for the pristine sample. This one-to-one and one-to-two relationship is not maintained for the exposed sample, which suffered exposure to ion bombardment erosion. This result is contrary to that found by Garnier, et.al., 21, 20 who subjected pristine M26 samples to ion bombardment erosion. Their results showed that BN and SiO 2 maintained a one-to-one and one-to-two relationship after exposure to sputter erosion. However, their experiments were conducted on pristine samples in a controlled environment and atomic fraction analysis did not indicate the presence of any atoms other than BN or SiO 2 . Changes in HET channel atom fraction are different than those predicted by standard pristine sample sputtering erosion testing. Erosion studies conducted by bombarding pristine BN wafers Table 7 indicate that the atom fraction of BN increases with proximity to the exit plane, while SiO 2 fraction decreases. The exit plane is the dominant region for sputtering erosion and previous work has shown that SiO 2 has higher sputter yield than BN. 21 Results in Table 7 support this conclusion because the surface atom fraction of silicon and oxygen atoms decreases, while boron and nitrogen increases with proximity to the exit plane. In other words, at regions closer to the exit plane, more SiO 2 has been removed by sputtering erosion, resulting in a higher atom fraction of BN. Previous work by Garnier, et.al. , disagrees with the results presented in Table 7 and also disagrees with sputter yield data. Specifically, their results showed that ion bombardment sputter erosion of a pristine M26 wafer caused an increase in SiO 2 fraction and decrease in BN, 21, 20 opposite to the trend shown in Table  7 and the trend expected based on the higher sputter yield of SiO 2 .
The chemistry of the D samples, shown in Table 8 , show similar variability to that of the C samples. Pristine and shielded specimens show good agreement on the initial composition of boron and nitrogen. The exposed portions of the specimen indicate larger amounts of oxygen, while the boron and nitrogen content decreases. The largest decrease in the boron and nitrogen is located closer to the anode, which is unexpected due to the fact that the majority of the sputtering erosion takes place near the exit plane of the thruster. This trend is also observed on the C samples. One possible explanation for the decreasing N and B content near the anode is that these atoms are being masked by the presence of other atoms that have been deposited onto the channel wall. The fraction of atoms that mask the BN within the thruster channel decreases with proximity to the exit plane in agreement with the process of ions "cleaning" sputtered material from surfaces observed by Fife, et al. 1 EDS analysis of both the C and D thrusters show carbon deposition, which may be a result of back-sputtered carbon from a graphite beam dump used during vacuum chamber testing; this carbon deposition initially has a fairly uniform concentration. The non-uniformity of carbon distribution may be a result of ions "cleaning" the BN surface at the exit plane where higher energy ion bombardment is present. The ion energy increases with proximity to the exit plane and as such the ions more efficiently "clean" the channel wall surface, thus resulting in decreasing carbon concentrations with proximity to the exit plane.
The EDS analysis of the Types C and D also demonstrate the metallization of the channel walls as observed by Raitses, et al. 37 This is less apparent on the D samples where metallization consists solely of sodium, however the C samples show deposition of numerous metallic elements, with increasing quantities closer to the anode. The deposition of metallic elements on the C samples include: aluminum, sodium, magnesium, copper, zinc, and iron, these are likely a result of anode material being sputtered onto the channel wall surfaces. 37 The decreasing concentration of these metallic elements with proximity to the exit plane is most likely to be the combined result of the ion "cleaning" of the channel walls, and the sputtered anode material being more densely distributed with proximity to the anode itself. This metallization of the channel wall, if given sufficient time, may result in a conductive layer, reducing the value of the BN wall material as an insulator, leading to enhanced electron losses along the wall and reducing the performance of the thruster.
VI. Conclusion
Data gathered in this study demonstrate that surface properties of an HET channel after 100's of hours of operation differ from the surface properties of pristine BN ceramic and the beginning-of-life of the HET. Results from a high-power HET with grade M26 BN channel show a 73% increase in roughness near the exit plane, while upstream regions closer to the anode show an increase of only 12%. Results from a low-power HET with grade HP BN channel show exit plane roughness 5.4 times greater than a pristine sample. The microstructure of both thrusters exhibits more rounded surface features and crystallites. Additionally, there are changes to the composition of the channel wall after prolonged operation. The grade M26 BN channel shows losses of both silicon and oxygen in regions close to the exit plane where ion bombardment erosion is significant. Both HET channels show increased levels of carbon and metallic elements, with levels increasing with proximity to the anode. Surface properties of HET channels are found to depend on axial position inside the channel. An HET channel generally becomes rougher near the exit plane. The C and D thrusters each have exit plane roughness that is 43% and 540% greater, respectively, than that near the anode. Atomic fraction of metals on the thruster wall increases from 0% near the exit plane to over 2% near the anode. Furthermore, atomic fraction of carbon increases from 8% near the exit plane to 23% near the anode. This material distribution may be the result of ions cleaning the channel walls with greater efficiency nearer the thruster exit where ion energies are greater and ion bombardment sputtering erosion is dominant. Both thrusters show grooved striated structures near the exit plane. These striations are a contributing factor in the increased measured roughness near the exit plane.
The roughness of HET channel walls is determined to be anisotropic. At beginning-of-life, anisotropy is due to the channel machining process, where turning the channel on a lathe causes axial roughness to be greater than azimuthal. Over time, ion bombardment erosion removes any evidence of machining. After 100's of hours of operation, striations angled 10º to 30º with respect to the axial direction develop. These macroscopic structures give rise to a new anisotropic roughness at the exit plane.
Evolution of the HET channel surface occurs on both the macroscopic and microscopic scale. Macroscopically, grooves and striations form near the exit plane of the thruster where ion bombardment erosion is dominant. Microscopically, individual ceramic grains are smoothed, resulting in more rounded and knobby near-wall structures. While individual grains become smoother, the roughness (i.e. vertical displacement) of the microscopic surface features tends to increase. While increased microscopic roughness is likely due to the preferential removal of high sputter yield silicon dioxide by ion bombardment, smoothing of individual grains has yet to be explained.
